We have demonstrated a self-starting, passively mode-locked Tm/Ho codoped fiber laser that lases at one of two center wavelengths. An amplified 1.56 μm distributed feedback laser pumps a ring laser cavity which contains 1 m of Tm/Ho codoped silica fiber. Mode locking is obtained via nonlinear polarization rotation using a c-band polarization sensitive isolator with two polarization controllers. The laser is able to pulse separately at either 1.97 or 2.04 μm by altering the intracavity polarization during the initiation of mode locking. The codoped fiber permits pulsing at one of two wavelengths, where the shorter is due to the Tm 3 emission and the longer due to the Ho 3 emission. The laser produces a stable pulse train at 28.4 MHz with 25 mW average power, and a pulse duration of 966 fs with 9 nm bandwidth.
Introduction
Continuous and pulsed laser sources in the midinfrared region (3-10 μm) have long been sought after for many important applications such as medical diagnostics [1] , molecular identification [2] , or gas monitoring [3] . While continuous mid-IR lasers have been produced by molecular gas lasers or by quantum cascade lasers, high repetition frequency, pulsed mid-IR lasers have been more elusive. Due to the success of using direct frequency comb-based spectroscopy in the visible and near-infrared [4] , there is a strong desire to push phase-stabilized frequency combs to the mid-IR, especially to the molecular "fingerprint" region from 2.5 μm to 12 μm. Visible and near-IR combs are generated by phase-stabilized mode-locked lasers that produce femtosecond duration pulses at repetition frequencies in the megahertz. Such combs have been produced using solid-state lasers such as Ti:sapphire or Cr:forsterite; and by rare-earth doped fiber lasers. These lasers have wide bandwidths and thus are able to produce short duration, high peak power pulses. The frequency combs from these lasers can be extended to wavelengths outside their gain bandwidth using fiber nonlinearities.
Unfortunately there are few lasers that can produce mid-IR frequency combs directly. Solid-state lasers produce frequency combs in the visible and near-IR, and these combs can be extended into the mid-IR using difference frequency generation. An alternative method is to use a mode-locked fiber laser-based comb and extend it to the mid-IR using nonlinear effects such as self-phase modulation (SPM). Erbium doped fiber (EDF) lasers are a natural choice since they have been shown to generate combs out to 2.3 μm in highly nonlinear fibers, limited only by the strong IR absorption of fused silica [5] . In principle, chalcogenide or fluoride glass fibers could be used instead since they have better mid-IR transmission.
Thulium or thulium/holmium codoped fiber lasers are a better choice than EDF lasers since they lase near 2 μm and have a broad bandwidth (1.7-2.1 μm) that can support short, high peak power pulses. These pulses could generate a supercontinuum in ZBLAN fiber to extend the comb into the mid-IR. Previously, a Tm-doped passively mode-locked fiber laser with nonlinear polarization rotation and spectral filtering as a mode-locking mechanism was reported by Nelson [6] , in which the pulse energy was limited to tens of picojoules. The pulse energy can be increased by inserting a dispersion compensator inside the cavity [7] . In both the cases the laser cavity has a free-space section. Wang et al. reported an all fiber dispersion management scheme to obtain high pulse energy [8] . Mode locking using carbon nanotubes as a saturable absorber has been demonstrated [9, 10] ; however, since the carbon nanotubes can be damaged as the energy is increased in the cavity, the output power is limited. Others have demonstrated subpicosecond pulse durations from a Tm fiber laser using an intracavity pulse stretcher [11] . Recently, a phase-stabilized Tm-doped fiber laser-based comb with supercontinuum extending to 3 μm has been demonstrated [12] .
Here we have demonstrated a passively modelocked Tm/Ho doped fiber soliton laser via nonlinear polarization rotation employing a c-band polarization sensitive isolator and output coupler. Mode locking is obtained in a self-starting manner by increasing the pump power without the need of changing the cavity polarization. Furthermore, the laser has the ability to mode lock at one of two different wavelengths by adjusting the position of the polarization controllers and pump power. In order to reduce the pulse duration, we used different fibers that exhibit normal dispersion at 2 μm. The lack of fibers with large normal dispersion at 2 μm makes it difficult to produce sub-500-fs pulses in an all-fiber format with short intracavity fiber lengths in order to maximize the repetition frequency. [13, 14] at wavelengths longer than 2 μm can occur, thus increasing the laser's spectral bandwidth. In general, it is believed that the greater Tm:Ho ratios will ensure that enough Ho 3 ions will be sufficiently excited to exceed the transparency level of the laser transition for a given launched power and consequently lead to lower thresholds [15] .
The design of our Tm/Ho codoped fiber laser is shown in Fig. 1 . A 1.56 μm distributed feedback laser, amplified by an erbium doped fiber amplifier (EDFA) to more than 200 mW, is coupled into the cavity through a 1.55/2 μm wavelength-division-multiplexer (WDM) to pump a length of Coractive TH512 Tm/Ho codoped fiber. According to the manufacturer's specifications, the Tm/Ho codoped fiber had concentrations of 2900 ppm. wt. Tm and <400 ppm. wt. Ho (7.25∶1 Tm/Ho ratio). The absorption at 1.56 μm was ∼12 dB ∕m. The group velocity dispersion (GVD or β 2 ) of Corning SMF-28 single-mode fiber (SMF) is anomalous (−7.08 × 10 −5 fs 2 ∕nm at 1.96 μm). The Tm/Ho fiber GVD was unknown, although we expected it to be anomalous on the order of −10 −5 fs 2 ∕nm at 1.9 μm based on reported values [6] . A c-band polarization sensitive isolator (AFW technology) with two in-line polarization controllers, PC1 and PC2, are used for passive mode locking. A ∼6 m section of SMF, including all the pigtails of the various components, is used to get a sufficient amount of nonlinear phase shift per round trip in the cavity. A c-band 70 ∕30 fiber coupler is used as the output coupler. The laser's spectral output is measured by using a monochrometer and the pulse trains are detected by a 15 MHz bandwidth HgTe photodetector. As discussed below, a compensation fiber was added for intracavity dispersion compensation.
Laser Performance
Mode locking was initially obtained with 4 m of Tm/ Ho codoped fiber and 7 m of SMF in the cavity. The output spectrum is shown in Fig. 2 . The repetition frequency was 18 MHz and the spectral bandwidth was 9 nm full width at half-maximum (FWHM) at 2.04 μm, corresponding to a transform-limited pulse duration of 520 fs. Given that both fibers had anomalous GVD we expected the cavity dispersion times fiber length (β 2 L), called here the net cavity dispersion, to be negative. The negative net cavity dispersion was verified by the observation of solitonic resonance sidebands known as Kelly sidebands [16] . By measuring the wavelength separation of the Nth order sideband with respect to the center wavelength (Δλ N ) the net cavity dispersion can be computed using [17] 
where Δτ is the pulse temporal FWHM, λ 0 is the center wavelength, and c is the speed of light.
The spectral bandwidth can be maximized by reducing the net cavity dispersion. This can be achieved either by shortening the lengths of SMF and Tm/Ho fiber in the cavity, or by adding a fiber that has normal dispersion at 2 μm. The latter is typically difficult to do since most silica fibers exhibit anomalous dispersion at 2 μm. However, we expected a highly nonlinear fiber (HNLF) [18] to exhibit normal dispersion at 2 μm and could compensate the anomalous GVD of the SMF and Tm/Ho fiber. HNLF has a similar index profile as a telecomm dispersion compensating fiber [19] , which allows for multiple zero GVD points that would exhibit normal dispersion at long wavelengths (Fig. 3) . If a larger wavelength separation of the 1st order sideband (Δλ 1 ) was observed as HNLF was added, Eq. (1) states that the magnitude of the net cavity dispersion would be smaller and thus the HNLF have normal GVD at 1.96 μm. Since the actual GVD of the HNLF was unknown, we relied on a computed GVD value of β 2 0.13 × 10 −5 fs 2 ∕nm at 1.96 μm for a similar HNLF. For this calculated value, the changes in Δλ 1 would be too small (<1 nm) to observe with our spectrometer for meter lengths of added HNLF.
To test the intracavity dispersion compensation and verify the GVD value above we added HNFL in the laser cavity and measured Δλ 1 . No significant outward shifts were observed by adding HNFL, indicating that it has a very small GVD, thus confirming the magnitude of the HNLF's dispersion. The dispersion of the HNLF is too small to compensate the anomalous dispersion while maintaining a repetition frequency of larger than 10 MHz.
Since HNLF could not be used for intracavity dispersion compensation, we minimized the net cavity dispersion by reducing the lengths of Tm/Ho doped fiber and SMF from the cavity while maintaining the mode-locking stability. We found the optimized cavity length to be 7 m with 1 m of Tm/Ho codoped fiber. Initially, mode locking was obtained at pump powers higher than ∼200 mW when the two polarization controllers PC1 and PC2 were carefully adjusted. Later, this laser configuration exhibited self-starting operation where mode locking was obtained by only increasing the pump power above threshold without any change in the intracavity polarization. The laser remained mode locked for hours at a time, limited only by the temporal variation of the pump laser polarization. In fact, self starting mode locking has been possible without a change in intracavity polarization over many months of operation. Figure 4 shows the output spectrum of the mode-locked Tm/Ho codoped fiber laser. The output power measured after the output coupler is ∼25 mW, with a repetition frequency of 28.4 MHz and spectral bandwidth of 15 nm FWHM. The 28.4 MHz repetition frequency signal was observable using a 15 MHz detector producing a 50 dB signal to noise ratio (300 kHz resolution bandwidth) peak on an electrical spectrum analyzer. The measured repetition frequency was in agreement with the total length of fiber in the laser cavity.
Further optimization would require us to know both the magnitude and sign of the GVD for both the SMF and Tm/Ho fiber. While we are confident in our value for the SMF (which was calculated using the proper Sellmeier coefficients [20] , the fiber core size, Fig. 3 . (Color online) Computed group velocity dispersion of OFS HNLF compared to Corning SMF-28. The HNLF GVD was provided to us from OFS, while the GVD of the SMF was computed using the manufacturer's core size, the Sellmeier coefficients [19] , and the weakly guiding approximation. and the weakly guiding approximation [21] ) we only have an order of magnitude approximation from the literature. Equation (1) could be used to compute the GVD of the Tm/Ho codoped fiber, but this requires a measurement of the pulse duration. If we assume transform limited duration for a bandwidth of 15 nm (269 fs) and use the measured sideband spacing, the net cavity dispersion is β 2 L 1.87 × 10 −5 fs 2 at 1.96 μm. Given the value of β 2 for SMF and the experimental fiber lengths, we compute a positive value for the Tm/Ho fiber GVD. However, we observe that the sideband wavelength separation increases as we decrease the length of Tm/Ho fiber, indicating that the Tm/Ho fiber has anomalous GVD [as from Eq. (1)]. Therefore, the observed spectra are inconsistent with a transform-limited pulse. Although we cannot measure the Tm/Ho fiber GVD, we can estimate the pulse duration from this measurement. Assuming that the magnitude of the Tm/Ho fiber dispersion is 10 −5 fs 2 ∕nm, which is on the order of a similar fiber reported in [22] , the estimated pulse duration is ∼800 fs.
To verify this pulse duration, we later performed an interferometric autocorrelation (IAC) measurement on the laser output [23] . Our setup used a standard Michelson interferometer and detection was accomplished using two-photon detection in an InGaAs detector. We used 1.5 ∕2 μm WDM and Ge filters to ensure no pump 1.56 μm light was incident on the InGaAs detector. The resulting IAC trace is shown in Fig. 5 , which exhibits the proper 8 to 1 ratio between peak and background with a FWHM of 1833 fs. Important information about the pulse duration and phase distortion can be discerned from Fig. 5 . First, the pulse duration is consistent with the sideband spectral measurements. Here, the analytic expression for the IAC trace for a hyperbolic secant temporal electric field from [23] was used to provide a pulse-to-IAC width ratio of 0.53, which gives a pulse duration of 966 fs. A spectral measurement at the time of the IAC measurement revealed that the bandwidth reduced from 15 nm to 8 nm over the course of six months. The most recent spectrum is shown in the inset of Fig. 5 . The cause of the bandwidth reduction is unclear: the bandwidth could not be increased by either changing the position of the optical components or by changing the intracavity polarization. We believe that the insertion loss of the polarization sensitive isolator may have increased over the six months, caused possibly by inadvertently passing more than the maximum recommended power (300 mW) through the isolator during the initial mode-locking attempts. Increasing the insertion loss will create a larger cavity loss, so the gain will be saturated less when lasing occurs. Due to the wavelength-dependent absorption and emission cross section, this will change the center wavelength. A reduction of intracavity power will also reduce the total nonlinear phase shift and thus the spectral width.
Information about the pulse's phase distortion can be deduced from the IAC trace as well. The phase distortion is primarily due to SPM and not GVD since the IAC measurement exhibits fringes across the entire trace [23] . SPM preserves the pulse coherence and thus fringes can be seen across the entire IAC trace, which is not the case for a pulse that exhibits only second order phase distortion. The computed IAC envelope for a pulse of duration 966 fs that exhibits only SPM is plotted for comparison.
Mode Locking at Different Center Wavelengths
The laser is able to mode lock at one of two center wavelengths by carefully adjusting the intracavity polarization during the process of mode locking. The output pulse spectra at two different center wavelengths ∼80 nm apart are shown in Fig. 6 . The left spectrum is centered at 1.96 μm with a FWHM bandwidth of ∼15 nm and the output power measured is ∼25 mW. Mode locking can be stopped by external perturbation, decreasing the pump power, or changing the position of polarization controllers. Once the mode locking has been terminated, it can be initiated again with the same pump power but at a different position of the polarization controller and at a different center wavelength. The right spectrum shows the mode-locked spectrum at center wavelength 2.04 μm with a bandwidth of 13 nm and the output power is almost the same.
The ability to lase on one of two center wavelengths is a result of the Tm/Ho codoping. For Tm/ Ho fiber lengths of ∼1 m, it has been observed that the ASE exhibits a peak near 2 μm but a shoulder near 1.9 μm [13] . The emission at 1.97 μm is due to the Tm 3 emission while the 2.04 μm is due to Ho 3 . In another study [24] , the fluorescence from a 6∶1 ratio Tm/Ho fiber was measured as a function of fiber length. Fiber lengths smaller than 0.5 m exhibited more fluorescence at ∼1.97 μm compared ∼2.04 μm, while a fiber of ∼1 m exhibited similar levels of fluorescence at these two wavelengths. Longer fibers have reduced emission at the shorter wavelength due to the energy transfer from Tm 3 to Ho 3 , and due to reabsorption of the Tm 3 emission [24] . To optimize the ability to mode lock at these center wavelengths, the fiber length must be chosen to permit some energy transfer but not at the cost of depleting the Tm 3 emission.
Conclusion
We have demonstrated a mode-locked Tm/Ho codoped fiber ring laser that can lase on one of two center wavelengths. The final laser configuration, with 1 m of Tm/Ho fiber and 6 m of SMF, self started by increasing the pump power above the mode-locking threshold without any change of the cavity polarization. The sideband wavelength separation and IAC trace a pulse duration of 966 fs for the pulse centered at 1970 nm with 8 nm bandwidth. This pulse exhibited a phase distortion associated with SPM as indicated by the interference fringes across the entire IAC trace. The lack of normal group velocity dispersion fiber at 2 μm prevented us from using intracavity dispersion compensation to produce short output pulses at a high repetition rate in an all-fiber format. However, the SPM-like nonlinear phase distortion indicated by the IAC measurement shows that compression can be accomplished using a medium that exhibits only anomalous GVD without any nonlinear effect. Shorter pulses potentially could be obtained by adding a grating or prism compressor, or by using a hollow core photonic crystal fiber that exhibits anomalous GVD at the laser's center wavelength.
